Abstract. The discontinuous permafrost zone has been subject to increased air temperatures over recent decades. Permafrost thaw can cause changes to topography, hydrology, vegetation, and trace gas fluxes, and thus it is important to monitor changes in permafrost area through time. Optical imagery can be used to generate time-series databases of nearsurface spectra that may be related to permafrost area. This provides a spatial perspective on area permafrost change that is not easily obtained from field data alone. This study examines the cumulative maximum and minimum errors of aerial and satellite imagery used for change detection within the Scotty Creek watershed, Fort Simpson, NWT, Canada. The results illustrate that, unless unchanging linear features are found throughout every image used (e.g., to be used as multitemporal tie points) and radiometric normalization can be applied (problematic for film images), direct image to image comparisons (e.g., subtraction) are not appropriate. Further, measureable cumulative errors are often produced by misclassification of edges, resolution limitations, and increased landscape fragmentation. At Scotty Creek, increased fragmentation of permafrost plateaus occurred from 1947 to 2008. Cumulative maximum and minimum errors result in an approximate 8%-26% error in permafrost area when compared with the total area of the site. Rates of permafrost area reduction within the study area were approximately 0.5% every year, determined from linear correlation (r 2 5 0.91, n 5 5). Therefore, based on the maximum cumulative error (a worst-case scenario), approximately 21-32 years (for resolutions of 0.18-1.10 m) is required between images to approximate change within this particular site. Increased (decreased) rates of change at other sites will decrease (increase) the timing required to identify change between images beyond error bounds.
Introduction
Accurate quantification of vegetation and permafrost plateau area change during periods of climatic warming is an important issue for management of northern infrastructure (Hinzman et al., 2005) and natural resources assessment Quinton et al., 2009) . Permafrost is especially sensitive to climatic warming because small increases in ground heating result in large changes to the surface hydrology (Rouse, 2000; Hayashi et al., 2004; Quinton et al., 2005) . Typically, permafrost thaw is quantified by measuring the depth to the active (i.e., seasonally thawed) layer below the soil surface at varying temporal resolutions ranging from daily to interannually (e.g., Leverington and Duguay, 1997; Quinton et al., 2009; Chasmer et al., 2010) . However, such measurements can be prohibitively expensive and difficult to obtain within northern uplandwetland ecosystems. To reduce the costs associated with in situ measurements of permafrost thaw, remote sensing (RS) of vegetation cover may be employed as a proxy for permafrost plateau area change. Previous studies have shown that vegetation cover at the individual tree to landscape scale is strongly correlated with the spatial distribution of permafrost plateaus within the subarctic, including approximately 53 000 km 2 of the lower Liard River valley (e.g., McMichael et al., 1997; Tutubalina and Rees, 2001; Wright et al., 2009; Chasmer et al., 2010) . Trees tend to grow on plateaus and eventually perish at plateau edges due to waterlogging (from meltwater runoff).
High-resolution aerial photography, digital imagery, airborne light detection and ranging (lidar), and satellite imagery can be used to assess changes in vegetation cover and permafrost thaw over long time periods (Tutubalina and Rees, 2001; Beilman and Robinson, 2003) . Passive RS of visible (VIS) and near-infrared (NIR) wavelengths from aerial and (or) satellite imagery may be used to infer variations in land cover type and properties across imaged regions. Stereo photographs, an important product of optical aerial photography, are often used to estimate variations in ground surface elevation. Ground surface elevation is also measured directly using airborne lidar. Lidar is an active technology that, unlike passive RS, measures the location of objects at or near the Earth's surface by rapidly emitting pulses of laser light at a spectral wavelength of 1064 nm (in this case). Objects scatter light as reflections or ''returns'' that are detectable (and within the proprietary waveform specifications) by the sensor optics. Returns are then converted into multiple distances based on timing of laser emission (pulse) to reception (return). Range information is then combined with positional data generated by an onboard position orientation system, including an inertial measurement unit and kinematic global positioning system (GPS) (plus local ground base station), to determine the x, y, and z coordinates and the intensity of the return (Wehr and Lohr, 1999) .
Subdecametre-resolution (,10 m) RS images have many advantages for quantifying permafrost area change: (i) for many parts of Canada, the temporal coverage of available aerial photography extends back to the first half of the 20th century, providing a relatively long historical record for analysis (Mars and Houseknecht, 2007; Lantuit and Pollard, 2008) ; (ii) unlike field measurements made along individual transects, RS data provide continuous coverage (e.g., McMichael et al., 1997; Boike and Yoshikawa, 2003) ; (iii) archived aerial photography and satellite imagery typically cost much less than in situ measurements (Zhang et al., 2004) ; and (iv) if airborne lidar data are used, lidar provides a direct measurement of ground elevation, which is important for aerial triangulation and orthorectification of historical imagery. Lidar is also particularly useful for identifying areas of raised elevation (0.5-2.0 m, typical of permafrost plateaus) surrounded by bogs and fens (Robinson and Moore, 2000) .
There are numerous disadvantages to the use of highresolution RS data (,10 m) for quantifying permafrost area change: (i) several years may separate acquisition times of RS data, and therefore detailed daily, seasonal, and annual processes cannot be assessed (Zhang et al., 2004) ; (ii) differences in the time of photograph-image acquisition (plant phenology, solar angles, soil moisture), the imaging scale used, and the orthorectification process lead to compounded and often unquantified errors within change detection analysis (e.g., Riordan et al., 2006) ; and (iii) lidar data acquisitions are expensive within remote areas (due to air travel and equipment transport), although costs may be similar to those of in situ fieldwork. Despite some disadvantages as to the application of high-resolution RS data for monitoring landscape evolution, the availability of long historical records is unique to aerial photography, thereby justifying their use as a basis for landscape monitoring.
This study attempts to quantify errors in historical aerial photography, satellite imagery, and high-resolution digital image interpretation of permafrost plateau areas from 1947 to 2008. Based on cumulative errors and the rate of plateau conversion to fen-bog, suggestions are made as to the temporal interval required to observe discernable change in plateau area, at this site, using RS image analysis techniques.
Study area
The Scotty Creek watershed study area (61.44uN, 121.25uW) is located within the lower Liard River valley of the Northwest Territories, Canada ( Figure 1) . The site is within the discontinuous permafrost zone and is classified as high boreal wetland by the National Wetlands Working Group (1988) . The watershed is comprised of upland, treed permafrost plateaus, elongated fens, and circular-rectangular bogs (Wright et al., 2009 ) and extends over an area of approximately 152 km 2 . In this study, a subset area of 900 m 6 1150 m was examined (due to the area of the lidar survey and the existence of definable linear features required for orthorectification of historical imagery).
Permafrost plateaus and permafrost-free fens and bogs are geometrically and spectrally distinct, within the VIS and NIR wavelengths. In the VIS wavelengths, plateaus are characterized by relatively low albedo Picea mariana (Mill.) canopy (spectrally bright in NIR wavelengths), with a ground covering of shrubs, lichens, and mosses overlying sylvic peat and woody ground material (Quinton et al., 2003) . They rise approximately 0.5-2.0 m above the surrounding terrain (Wright et al., 2009; Chasmer et al., 2010) , vary in length and width from just a few metres up to approximately 200 m, and often have rounded edges when examined in plan view. Their distinct geometrical and spectral properties are a result of peat development. Peat grows to an elevation that raises the plateau above the water table, thus encouraging establishment of rapidly growing Sphagnum fuscum (Schimp.). Growth of S. fuscum on plateaus increases mire surface elevation and reduces ground temperature, resulting in the formation of frost bulbs, which further raise the elevation of plateaus (Robinson and Moore, 2000; Quinton et al., 2003) . Flat bogs and channel fens are lower in elevation than plateaus and receive drainage water from plateaus. Both also have their own unique spectral (due to overlying vegetation) and geometric properties. Channel fens are characterized by wide (50 m to .100 m), treeless swaths of partially submerged or floating Sphagnum riparium (Angstr.) peat. Because peat moss vegetation within fens is often partially submerged or floating and also contains some herbs and shrubs, these surfaces have higher albedo than permafrost plateaus (Quinton et al., 2003) in VIS wavelengths. The exception occurs where standing water (and water-saturated soils) absorbs electromagnetic radiation, thereby reducing albedo (in both VIS and NIR). Flat bogs are often hydrologically connected and are characterized by lower elevations and some woody vegetation located along the plateau-bog margins. Bog vegetation is spectrally the brightest of all land cover types because Sphagnum species overlie yellow-coloured peat (Quinton et al., 2003) . Thus all main land cover types (plateau, channel fen, and flat bog) are easily distinguishable within VIS and NIR spectral bands found in airborne and spaceborne optical imagery ( Figure 1 ) and NIR-intensity lidar data.
Methodology
Lidar data collection and processing Discrete return airborne lidar data were used at Scotty Creek to map the three-dimensional characteristics of the vegetation canopy and ground surface topography at high resolutions (e.g., Wehr and Lohr, 1999; Lindsay et al., 2004; Hopkinson et al., 2005) . Lidar (and digital image) data were collected and processed by the authors at the Applied Geomatics Research Group (Nova Scotia, Canada) on 6 August 2008 using an Airborne Laser Terrain Mapper (ALTM) 3100 (Optech, Inc. Toronto, Ont.) discrete return sensor capable of retrieving one to four returns. The specifications for the lidar survey were defined to ensure adequate ground penetration and full coverage (all sides) of tree canopies. Thus a flying height of 1300 m above ground level (agl), a scan angle of ¡18u with 50% overlap of scan lines, and a pulse repetition frequency of 71 kHz were used. This resulted in up to 10 returns per square metre due to the multiplereturn characteristics of the system. After initial processing, flight line adjustments (strip matching), filtering of outliers, and subsetting, laser returns were classified into ''ground, '' ''vegetation,'' and ''all'' returns in TerraScan software (Terrasolid, Finland) . Ground returns (within 0.3 m of the ground surface) were used to create a 1 m 6 1 m digital elevation model (DEM) from which all aerial photographs were orthorectified. The DEM was created within the software Surfer (Golden Software Inc., Golden, Colo.) using an inverse distance weighting algorithm (O'Sullivan and Unwin, 2003) with an x, y search radius of 2 m and a power of one, such that the return integrity (ground surface morphology determined from a number of points to reduce propagation of error in z height) was maintained.
Image processing and analysis
Historical imagery was acquired on five dates using various RS systems. These included three aerial (VIS panchromatic) photographs dating from 1947, 1970, and 1977; 18 mosaiced (NIR panchromatic) digital images acquired in 2008 (during the lidar survey); and one IKONOS (redgreen-blue (RGB), NIR) reflectance image ( Table 1) . Aerial photographs were collected in film format and rescanned at 1600 dpi at the National Air Photo Library, Ottawa, Ont. The 2008 digital images were acquired coincident to and integrated with the ALTM 3100 between 17:00 and 18:00 (local time). All positional information used to locate laser returns was also used to solve exterior orientation parameters of images, camera projection centre coordinates, and attitude parameters. Thus, the coincident lidar and digital image data were geometrically corrected to each other using ground and aerial GPS and inertial measurement unit-assisted triangulation within postprocessing. All historical aerial photographs, digital images, and IKONOS satellite imagery were obtained between mid-June and the beginning of September, rendering images seasonally comparable. This is especially important for change detection analysis in wetland-upland environments where seasonal soil moisture (target wetness) alters albedo at the boundaries between plateaus and bogsfens. Table 2 describes the attributes of each of the four cameras used to acquire photographs -digital images.
The combined lidar and digital imagery (2008) was used to aerially triangulate and orthorectify historical aerial photographs. Digital images were mosaiced, clipped, colourbalanced, and orthorectified (using 40-60 tie points per image) within Terraphoto software (Terrasolid, Jyvä skylä, Finland) ( Figure 2 ). Average tie point adjusted position was reduced from 45.78 to 35.60 cm due to aircraft heading, roll, and pitch. Aerial photographs from 1947 to 1977 ( Figure 2 ) were processed differently from the 2008 digital NIR imagery. Photographs were imported into Geomatica software (PCI Geomatics, Ottawa, Ont.), corrected using fiducial marks and camera calibration specifications, and adjusted-rotated using eight carrying geometry over time (multitemporal) tie points. Tie points were located on static man-made objects found in all three aerial photographs within an approximate 3.0 km 6 2.5 km area. Adjusted photographs were then subset into smaller areas based on the region of interest (determined from airborne lidar) and existence of linear features. Photographs were linearly enhanced to emphasize spectral differences between land cover types and subjected to additional aerial triangulation and orthorectification in Ortho Engine (PCI Geomatics) using the 1 m 6 1 m 2008 lidar DEM and digital imagery. Aerial triangulation and orthorectification were performed based on the selection of additional (one time point) tie points per image set (1947 and 2008; 1970 and 2008; and 1977 and 2008) . Analysis of aerial photography in stereo perspective using diapositives was not performed because the elevational change of plateaus was often less than the (Figure 2 ), such that all images were gray scale and spectral differences due to vegetation type and water content between land covers (plateau, bog, and fen) could be observed and classified.
Cumulative error analysis and classification
Cumulative errors were determined using three criteria: (1) point measurement accuracy based on tie points used in aerial triangulation during the orthorectification procedure (e.g., root mean square (RMS) errors and adjustments used for image to image and DEM registration), (2) plateau feature detection year after year as a result of variable image radiometric characteristics, and (3) plateau edge delineation and pixel classification accuracy due to variable (image) reflectance of VIS and NIR wavelengths as a result of target soil moisture and canopy shadowing at plateau edges. The procedures used to identify possible errors in total plateau area (per image) are discussed as follows.
(1) Point measurement accuracy following image block rotation and adjustment was determined from tie points used to triangulate historical aerial photography to the 2008 orthophoto-lidar DEM. A total of nine tie points were used to orthorectify the 1947 photograph, 10 to orthorectify the 1970 photograph, and 12 to orthorectify the 1977 photograph. RMS error from individual tie point errors (in x and y) was used to identify possible feature misalignments (registration errors) within historical aerial photographs when compared with the 2008 dataset.
(2) Following the aerial triangulation-orthorectification procedure, plateaus were delineated to separate them from bogs and fens. The process of plateau delineation may also introduce errors in total plateau area extent within the photograph-images. Unfortunately, direct quantification of edge delineation (e.g., using in situ measurement of depth to permafrost and GPS) was impossible for images dating pre-2008. Despite these difficulties, attempts were made to quantify plateau delineation errors using a variety of techniques. Photograph-image tree coverage (representing plateau area) was manually delineated using a combination of (i) image thresholding (division of spectrally bright (high albedo) -intermediate (bogs and fens) and dark (low albedo) (treed plateaus) areas); (ii) tree canopy shadow modelling (to reduce overestimating plateau area as tree shadows extend into fens-bogs); and (iii) visible remnant plateau edges from previous years. A number of classification procedures were also applied, with up to 40 training areas selected per land cover type. However, all classifications suffered from an inability to classify water-saturated (low albedo) and dry (high albedo) areas within bogs and fens. The confusion between land cover types per image was large (.30%), and therefore it was decided that permafrost plateau edges should be manually delineated using the criteria mentioned previously. The manual delineation resulted in two land cover types: (i) permafrost plateaus, and (ii) bogs and fens. Bogs and fens were not separated from each other because plateau change will always result in conversion to fen or bog. Accuracy of manual delineation was qualitatively examined using two methods. The first method compared four features with varying and similar spectral characteristics to determine if these could be delineated each year. The second method used comparisons between digital image plateau delineation (based on spectral changes in vegetation canopy in 2008) and changes in ground elevation from lidar (used to delineate plateau area as a rise in elevation from surrounding bogs-fens).
(3) Accuracy of edge delineation was determined for 2008 imagery-DEM using GPS validation from in situ transect measurements of the depth to the active layer. Hand-held GPS measurements (WAAS enabled Garmin 250, accuracy of ¡2 m to ¡10 m) were used to locate the boundary between plateau and fen-bog, determined by pushing a metal measurement rod into the soil until permafrost was encountered (e.g., Chasmer et al., 2010) . GPS and depth to permafrost measurements were determined for 14 locations during the summer for [2007] [2008] [2009] . GPS locations of plateau edges were then compared with those of delineated (DEM and digital image) plateaus.
Lastly, errors associated with tree shadowing at plateau edges were examined using a shadow model based on solar zenith and elevation angles at the estimated time of photograph-image acquisition. Assuming vegetation heights did not change between photographs-images, and plateau elevation (and shape) was retained from 1947 to 2008, a digital surface model (DSM) of elevation + canopy height was used to estimate the length of shadows and orientation (on one side of plateaus) per image. The DSM was modelled using an inverse distance weighting (IDW) rasterization procedure at 1 m resolution from ''all'' 2008 lidar returns based on the maximum return height within a 1 m 6 1 m 6 z (height) column throughout the study area. Shadow lengths were then cumulated as maximum (total site plateau area including shadow) and minimum (total site plateau area not including shadow) errors.
Cumulative errors due to plateau area overestimation or underestimation (m 2 and percent difference) as a result of delineation errors were estimated. Based on this error assessment, the temporal interval required to observe discernable change in plateau area between two historical images (this site only) was estimated, bearing in mind that cumulative error is exaggerated relative to typical errors and is a ''worst-case scenario.'' 3C) . In 1947, nine tie points were found and located on natural features ( Figure 3A) . Placement of tie points on natural features resulted in larger errors (i.e., larger than those in 1970 and 1977) because discernable, unchanging features could not be found (e.g., Korpela, 2006) . The tie point RMSE in 1947 was x 5 1.13 m and y 5 1.2 m, with a pixel shift of x 5 0.88 m and y 5 0.88 m (1.15 pixels). In all images, locating tie points to the north of the study area (beyond those used in the initial adjustment) was difficult because unchanging features could not be found. Thus orthorectification errors increased in areas where there were few local tie points. This illustrates why direct comparisons between images (e.g., image subtraction) should be used with caution, as was also noted in Chen et al. (2003) . Figure 3 shows the location and shifts in tie points between the historical imagery and the 2008 DEM-imagery.
Results and discussion

Feature detection
Visual comparisons and possible errors were examined by identifying complex (easily confused) areas (area 1) and easily discernable areas (areas 2, 3, and 4), as shown in Figure 4 . The 1947 aerial photograph was the most difficult to delineate within area 1 and was likely most prone to feature identification and edge delineation errors. Area 1 contains complex saturated depressions that absorb radiation and appear darker in all historical images. Confusion between land covers in the 1947 image is complex (due to image quality, poor lenses used, and nitrate film). Clear boundaries that may or may not be plateau cannot be identified beyond the classification shown in Figure 4 . During the years 1970, 1977, 2000, and 2008 (Figures 4B, 4D, and 4E) , identification of plateau edges is easier, except for possible mixed pixels at land cover boundaries. In 1970, plateau area was only very slightly smaller than the plateau area in 1977 (1% difference), corresponding to minimal changes in annual average air temperature (four cool years and three warm years; standard deviation 5 1.12 uC) measured at Fort Simpson (located within 20 km of the study area). This confirms similarity of identification and classification of plateaus in 1970 and 1977.
Feature detection of the permafrost plateau in area 2 is relatively uncomplicated during all years except 1947 ( Figure 4A ). In 1947, the feature is barely discernable and has been delineated as a large area containing similar spectral properties. Similar spectral properties may be due to Canadian Journal of Remote Sensing / Journal canadien de té lé dé tection E 2010 CASI S217 camera sensitivity (e.g., wavelengths used) and image degradation or may be a result of seasonal conditions (e.g., soil moisture). Unfortunately, without validation at the time of acquisition, it is impossible to quantify absolute errors associated with area 2 plateau delineation in 1947.
Despite an inability to directly quantify plateau area using in situ measurements, rates of change per year between acquisition dates may be used as a proxy indicator of plateau detection accuracy, unless image-related errors have the same effect in all areas. This hypothesis ignores differing rates of thaw found in highly fragmented plateaus as opposed to large, nonfragmented plateaus (e.g., Chasmer et al., 2010) . Table 3 shows rates of change per year between acquisition dates, and Table 4 illustrates percentage differences between rates of change per year for each of the three areas. Small percentage differences in rates of change between areas may indicate more accurate feature delineation, whereas large percentage differences may be indicative of possible errors in feature delineation.
Low percent differences in rates of change between areas 2 and 3 and between areas 3 and 4 for three of four comparison periods (between acquisition dates) (Table 4) indicate that plateaus follow similar rates of change between the two areas and may be fairly accurately delineated. Differences in rates of change between areas 2 and 4 are large for all years except , indicating that area 4 may be prone to errors in plateau delineation. Area 4 has a series of saturated zones that cause confusion between land cover types and plateau delineation. The most accurate delineations, assuming that plateaus in the three areas thawed at similar rates, were Combining digital images, lidar data, and in situ GPS measurements of plateau edges and location is the only method for which the accuracy of plateau delineation can be directly quantified (using 2008 data only). Area coverage of plateaus determined using digital imagery (based on vegetation cover) overestimated plateau area by 8% when compared with that of plateaus delineated using the 1 m resolution lidar DEM. Correspondence between DEMderived plateaus versus vegetation-classified plateaus was 93% and 86%, respectively. This indicates that 7% (14%) of plateaus determined using the lidar DEM (digital images) did not correspond to vegetation cover from digital images (raised uplands from DEM). Differences between DEM and vegetation coverage of plateau areas were often due to woody vegetation extending beyond plateau edges, into bogs and fens. It is likely that this occurs in historical photographs as well, but the extent to which this occurs (and the associated error) remains unknown.
Plateau edge delineation
Permafrost plateaus shed water along their outer margins, resulting in water-saturated soils at plateau-bog-fen edges (e.g., Wright et al., 2009 ). This results in confusion and possible misclassification between low-albedo trees and saturated ground. Geographically located transect measurements of frost table depth through plateaus and bogs-fens (e.g., Chasmer et al., 2010) indicate that the width of the transition area between plateaus and bogs-fens is within 1-2 m, which is greater than the pixel resolution of all but the IKONOS imagery. Comparisons between plateau edges (determined using hand-held GPS, digital image, and DEM) show that 10 of 14 GPS locations were within 1 m of the lidar DEM delineated permafrost plateau-bog-fen boundary, two were within 6 m of the DEM boundaries, and two were vastly different (by 21 and 34 m, respectively; possibly due to transcription errors). Comparisons between edges based on vegetation cover from digital imagery (2008) and GPS measurement locations show slightly larger errors. These result from tree structures (either alive or dead) extending into bogs-fens. Ten of 14 GPS locations were within 3 m of plateau edges, whereas the remaining edge locations were between 7.3 and 35 m from plateau edges (two of which were possibly due to transcription errors). It is likely that hand-held GPS location errors also contributed to part of this mismatch in edge delineation-validation.
Shadowing by the canopy at plateau edges, determined from solar azimuth angle and elevation at the approximate time of survey, resulted in variable shadow lengths per photographimage ( Table 5) .
Using a natural breaks (Jenks) method to classify minimum, average, and maximum ranges in the frequency of canopy heights, 13% of trees were shorter than 1.97 m, 72% of trees ranged in height between 1.97 and 5.00 m, and 15% of trees exceeded 5.00 m in height ( Figure 5) . Based on the average range of canopy heights (1.97-5.00 m) found at the edge of plateaus, solar azimuth angles (Table 5) , shadow lengths, and pixel resolution, total site plateau area could be overestimated by up to 6% (2008), 10% (2000), 3% (1977), 3% (1970) , and 2.8% (1947) . Errors in plateau area due to shadowing are also influenced by increased fragmentation within the landscape (e.g., as a result of pixel resolution and the increased development of isolated bogs and stream channels with plateau thaw). Plateau edges (as a percentage of the total area of plateaus, i.e., plateau perimeter to area ratio) increased from 2.5% in 1947 to 3.6% in 1970, 3.8% in 1977, 4.6% in 2000, and 11.8% in 2008 , indicating increased fragmentation (more perimeter, less area) of plateaus during recent years. Table 4 . Percent differences in rates of change between areas (if two or three areas have minimal percent differences, then they may be changing at close to the same rate per year). Number of years between acquisition dates is given in parentheses. Table 5 . Maximum, minimum, and mean canopy shadow lengths per photograph-image modelled using maximum canopy height and elevation (DSM) determined from lidar (assuming vegetation height and plateau elevation did not vary from 1947 to 2008). Canadian Journal of Remote Sensing / Journal canadien de té lé dé tection E 2010 CASI
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Cumulative error and temporal interval required to observe discernable changes in plateau area Figure 6 shows maximum and minimum (worst case) cumulative error due to aerial triangulation -orthorectification, pixel resolution, delineation errors, and shadowing. Strictly speaking, cumulative errors as a percentage of permafrost area ( Figure 6A ) are not entirely correct because permafrost area is changing. Cumulative error of the site ( Figure 6B ) is a more appropriate measure of error per image and pixel resolution. Images acquired in 1977 and 2008 have the lowest errors (8% and 10%, respectively), and 2000 IKONOS imagery has the highest error (26%). Permafrost plateau area rates of change, including all photographs-imagery, decreased by 0.5% of the total area approximately every year (determined from linear correlation, r 2 5 0.91). Chen et al. (2003) found similar rates of simulated change within the discontinuous permafrost zone from 1940 to the late 1980s when examining results of a hydrological runoff model, remote sensing, soil, and climate inputs. Given maximumminimum cumulative errors examined in this study, approximately 21 years were required to detect change from digital imagery at a resolution of 0.18 m. As resolution decreased, the number of years required to determine discernable change (beyond errors) increased to 32 years at 1.1 m resolution and 60 years at the resolution of an IKONOS image (4 m). Of course, there are numerous limitations to these generalizations, and these periods are estimates based on the sensitivity analysis provided. The results illustrate the importance of very high resolution imagery for permafrost plateau change assessment in the discontinuous permafrost zone (Chen et al., 2003) . Lower resolution imagery (e.g., Zhang et al., 2004 ) and poor quality (old) photographs are not recommended for detailed analysis of permafrost plateau change at Scotty Creek. These may be more appropriate for large area mapping of permafrost change or areas where permafrost is thawing more rapidly.
Error assessment limitations
The quantification of permafrost plateau area change and error analysis using historical RS datasets has many limitations, especially evident in this study. These include aerial triangulation -orthorectification issues (e.g., use of minimal number of tie points), film quality and degradation, radiometric normalization issues (e.g., vignetting, atmospheric influences, and bidirectional reflectance distribution function), lack of in situ plateau edge measurements using GPS pre-2008, soil target wetness, and lidar ground return accuracy in dense vegetation. These issues are discussed in the following.
In this study, point measurement accuracy was determined on the basis of the user's ability to select multitemporal tie points (historical aerial photograph adjustments), and one time point tie points between historical photographs and data from 2008. Selected features often consist of roads with intersections, parking lots, buildings, etc. In the case of remote areas within the Canadian subarctic, such as the Scotty Creek study area, finding locations appropriate for tie points can be difficult because the environment is rapidly changing and the extent of human development is typically limited. Further, application of calibration versus validation tie points to reduce uncertainty in these areas is almost impossible because of a lack of stable features. An inability to properly locate tie points between images leads to errors in point measurement position.
Poor film quality and degradation, especially evident in the 1947 aerial photograph, can result in blurred images and difficulties with radiometric normalization. Korpela (2006) noted that errors due to film deformation may result from poor storage practices and severe lens distortion. Distortion errors may be reduced or eliminated during the fiducial mark transformations (applied to all photographs used in this study) (Korpela, 2006) , however, issues with radiometric normalization, especially pre-1960, cannot be corrected. Differences in image brightness (e.g., due to vignetting, sun glint, and atmospheric influences) cause confusion when delineating or classifying permafrost plateaus. It may be the case that some images dating pre-1970 may be too poor for accurate permafrost plateau delineation using forest cover.
A lack of in situ measurements of permafrost plateau edges using survey-grade GPS (or less accurate hand-held GPS) at Scotty Creek may be one of the biggest limitations. Comparisons of plateau area using historical and current aerial photography, digital imagery, and airborne lidar require accurate validation of plateau edges (in combination with rod measurements of the depth to permafrost). Unfortunately, it is impossible to provide validation for past RS data collections, and thus it is essential that validation of current and future campaigns is performed. Strictly speaking, differentially corrected, survey-grade GPS (with rover and base station) should always be used when evaluating land cover types using high-resolution (e.g., ,4 m) RS data (e.g., Hopkinson et al., 2005; Morsdorf et al., 2006) . Surveygrade GPS often has better than 1 m positional accuracy, which is suitable for the 1-2 m transition zone between plateau edges and bogs-fens, and high-resolution imagery. More often than not, easily accessible hand-held GPS units are used to obtain positional information, which is then compared with high-resolution RS data products. Unfortunately, the accuracy of hand-held units ranges from ¡2 m to ¡10 m, which is often greater than the pixel resolution. In this study, exaggeration of DEM versus digital image plateau edge errors determined from in situ measurements may have resulted from the use of hand-held GPS units.
Soil (target) saturation-wetness has not been quantitatively assessed in this study but likely contributes to overexaggeration of plateau area due to spectral confusion with tree canopies. Surface depressions and areas of water accumulation may be determined using airborne lidar DEMs and (or) reduced laser return intensity (e.g., Garroway et al., 2010) , however, it is not guaranteed that depressions will yield high surface soil moisture content at the time of historical RS data collection. Future studies that use airborne lidar to delineate plateau area should also consider using laser return intensity and absorption at 1064 nm as an indicator of plateau edge (along with elevation information).
Laser return elevational accuracy (and DEM generation) is worse than industry specified-calibrated vertical error in areas of short, dense vegetation. Vertical errors occur when the probability of multiple returns reaching the ground surface is reduced, resulting in returns lying above the ground surface, within vegetation (Tö yra et al., 2003; Hopkinson et al., 2005; Bowen and Waltermire, 2007) . Returns may also be misclassified as ground (e.g., within Terrascan) when in reality they have reflected from vegetation (e.g., Raber et al., 2002) . Hopkinson et al. (2005) found that vertical errors varied as a result of vegetation type, with the largest errors in vertical ground heights occurring within areas of aquatic vegetation (+0.15 m, raw lidar returns; and +0.12 m, rasterized returns). Transition areas between plateaus and bogsfens are characterized by short, dense grass vegetation and sparse forest cover. Vertical errors in return heights from the ground surface -short vegetation could overestimate plateau area using a lidar DEM in some places if there are few to no returns from the ground surface. However, because Figure 6 . Percent cumulative error (maximum and minimum) per pixel resolution based on the total area of permafrost plateaus (A) and the entire study site area (B).
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Conclusions
The accuracy of delineating permafrost area using historical aerial photography, digital imagery, satellite imagery, and a lidar DEM was examined in this study using a variety of methods. It is concluded that plateau area delineation is exceedingly difficult using historical imagery that has degraded over time, and potential errors in edge delineation may be impossible to quantify completely and accurately. Despite these issues, a number of methods have been employed to explore a range of possible errors in plateau delineation. Suggestions are also made to improve future RS-based validation campaigns focused on studying permafrost change. The following has been learned.
(1) In some cases, historical aerial photography may be sufficiently degraded to the point where it is very difficult to accurately detect change in permafrost plateau area within the image (using vegetation cover as a proxy). If this is the case, some features may be identifiable, but it may also be impossible to quantify radiometric (and spatial) degradation.
(2) To properly validate current and future RS datasets used to assess plateau change, a statistically significant sample of plateau edges (determined by pushing a measurement rod into the soil to a depth where permafrost exists) must be located using a differentially corrected survey-grade GPS (base station and rover). Hand-held GPS units are not likely accurate enough for in situ permafrost plateau edge detection and high-resolution (,2 m) RS analysis.
(3) Where survey-grade GPS measurements of plateau edges do not exist, a lidar DEM may be used to estimate plateau edges based on residual elevation differences from surrounding bogs-fens. This does not provide a true measure of permafrost area, but is likely better than using vegetation cover alone. DEM accuracy, however, depends on a high density of returns per square metre, such that some pulses will penetrate through vegetation to the ground.
(4) In this study, comparisons made between 1977 and 2008 likely provide the best estimate of permafrost area change. This is due to high photograph-image resolution, comparable temporal periods, minimal damage evident in the 1977 image, and the ability to locate and measure canopy shadows at plateau edges. If this is the case, plateau area decreases by approximately 0.5% of the total study area each year. Based on cumulative errors found in this study, 21-32 years are roughly required to observe changes in plateau area at the Scotty Creek watershed (based on ,1 m resolution). If rates of permafrost degradation increase (decrease) from this estimate, the time interval required between images will decrease (increase).
(5) The resolution of IKONOS imagery (4 m) is insufficient for accurately detecting permafrost edges and change within the current timeline of historical RS data at Scotty Creek (,60 years). However, it may be more suitable for sites where permafrost is subjected to faster rates of degradation.
